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I N T R O D U C T I O N
Visually guided behavior, such as moving a limb under visual control, requires the precise matching of visual information with kinesthetic information received via internal proprioceptive feedback. Most researchers would assume that established programs govern familiar movements. However, visual information can be employed for guidance of goaldirected movements. Therefore different views about action control have emerged. In fact, biophysical models support the idea of feed-forward processing in established programs (Wolpert and Ghahramani 2000) , whereas neuropsychological evidence suggests a dependence of motor activity on perceptional goals (Mechsner et al. 2001 ). For either model, different cerebral circuits can be expected to be engaged during action control and should be demonstrable with functional neuroimaging.
Owing to the fundamental organization principle of the human brain, incoming information (e.g., visual or somatosensory) about each half of the body is projected to the primary sensory representations in the cortex of the contralateral cerebral hemisphere. From there the incoming information is projected to the polysensory parietal cortex, which constructs a coherent body image subserving postural control and goaldirected motor behavior (Clower et al. 1996; Culham and Kanwisher 2001; Galati et al. 2001) . Functional neuroimaging studies revealed that action generation shares the same parietal and premotor areas (Grèzes and Decety 2001) as action observation (Buccino et al. 2001 ) and visual identification of body part orientation (Parsons et al. 1995) . Thus action generation and action perception are closely related and built on a coherent body image.
Dissociation of the seen limb movement from the motor program, e.g., when acting through a mirror, causes interferences in movement execution (Lajoie et al. 1992) . Although recently a specialized neural system has been identified for the visual perception of the body (Downing et al. 2001; Peigneux et al. 2000) , it still has not been settled as to where in the brain the visually perceived body scheme interacts with the internal proprioceptive feedback. Here, we used a visual perturbation experiment to explore the site of interaction. We provide evidence that the inversion of visual feedback (right hand viewed as left hand and vice versa) during a visual-controlled task strongly modifies processing already in the visual cortical areas.
M E T H O D S
We investigated six right-handed, healthy subjects (4 female, 2 male; mean age: 29.0 Ϯ 1.5 yr). The study was approved by the Ethics Committee of the Heinrich-Heine-University Duesseldorf and all subjects gave informed consent.
Subjects had either to hold their hand static or to perform a finger-thumb opposition movement sequence under visual control. For each hand, four conditions were investigated. In two conditions (movement), the subjects were required to move the thumb and remaining fingers of one hand sequentially at three different opposition distances at a frequency of 1 Hz. In two further conditions (static), the subjects held their hand in a static posture with the thumb and index finger opposing each other. Because the subjects could not see their hand in the MR-scanner directly, we used a video-chain to show the subjects their hand in a normal perspective: The subjects' hand was filmed with a video camera (LeutronVision, Berlin) located outside the scanner and back-projected (LCD data projector, Sony VPL-S500E) in real-time onto a transluminant screen with a size of 10°. By means of a software package (Leutron demonstration software), it was also possible to invert the hand on-line horizontally such that the subjects' right hand appeared as their left hand and vice versa. Thus two conditions with normal view and two corresponding conditions with an inverted view were applied.
We used a block design with the four conditions arranged in a pseudo-randomized sequence with a total time of 10 min. The use of the right and left hand were measured separately, and the movement and static conditions were initiated by an acoustic cue. The subjects were instructed to fixate the hand on the screen. As evident from monitoring their eye movements by means of a limbus eyetracking system (Cambridge Research Systems, Rochester, UK), eye movements had a variance of no more than 1°to either side.
Functional imaging was performed on a Siemens Vision 1.5 T MRI scanner (Erlangen, Germany) using standard echo-planar imaging (EPI, TR 4 s, TE 66 ms, flip angle: 90°, voxel size: 3 ϫ 3 ϫ 4.4 mm 3 ) with a standard radio frequency head coil for signal transmission and reception. Twenty-eight consecutive slices oriented parallel to the AC-PC plane were acquired, covering the whole brain. Image analysis was performed using the fMRI analysis software package Brain Voyager 4.9 (Brain Innovation, Maastricht, The Netherlands). The MR images were realigned to correct for head movements between scans. Preprocessing of the volume time courses involved Gaussian spatial smoothing (FWHM ϭ 6 mm), removal of linear trends, and temporal highpass filtering with a 3-min cut-off to remove slow periodic drifts. The volumes were normalized into Talairach space for multisubject comparison. With a Gaussian model of the hemodynamic response to generate idealized response functions, which were used as regressors in a multiple regression model, we contrasted epochs for the different conditions. For each hand, we calculated a two-factorial variance analysis with the main factors "inversion" (inverted vs. normal) and "movement" (movement vs. static).
Regions of interest were thresholded in the statistical parametric maps at P Ͻ 0.01 (corrected for multiple comparisons) and superimposed on the subjects' high-resolution three-dimensional anatomical images.
To assess the strength of the fMRI signal changes in the visual areas in the two movement conditions, the beta values of the signal responses were analyzed in regions of interest (ROIs) defined to be the activation areas of the main effect "inversion" (cf. Table 1 ). The beta values are regression parameters resulting from the best fit of the observed activity to the factorial model. They are a measure of the contribution of each condition to the total BOLD signal. For each ROI, the beta values for the two conditions "static" and "movement" were substracted from each other and averaged across both hemispheres.
R E S U L T S
When subjects viewed their inverted hand (main effect inversion), we observed a significant activation that was restricted to the primary and higher-order visual areas and purely contralateral to the hand orientation and laterality in the seen image (Table 1, Fig. 1 ). As evident by the reverse comparison, there were no regions that responded more to the normal view than to the inverted one. When the effect inversion was analyzed for both hands together (conjunction analysis), the activation was significant at a lower threshold (P Ͻ 0.05) bilaterally in all visual areas except for the cuneus and precuneus (area V3 and V6), which were activated on the left side only (Table 1 ). This indicated that the lateralization of this extra activity in the visual cortex related to the main effect inversion occurred in a virtually symmetric manner for each hand. As evident from the analysis of the beta values, areas V1/V2 were more active in the static condition, whereas area V5 was more active in the movement condition (Fig. 2) .
As expected, movements of the fingers compared with the static condition (main effect movement) activated the wellknown motor network including the contralateral motor cortex, bilateral dorsal, and ventral premotor cortex, the supplementary motor area, parietal cortex, again area V5, basal ganglia, and cerebellum (Table 2 ). The interaction between both main effects provided no significant activation.
Taking these results together, we found a dissociation of a bilateral activation pattern related to motor control and a lateralized activation of the visual cortex that was contralateral to the body orientation and laterality of the observed hand. This dissociation was found for either hand.
D I S C U S S I O N
The results of this study show that the perturbation of the body scheme strongly modified activity in the visual cortices. Image inversion of static hand postures altered activity preferentially in the primary visual cortex, whereas image inversion of hand movements mainly engaged the occipitotemporal cortex including area V5 known to process motion perception (Sunaert et al. 1999) . These data show for the first time that the on-line state of the body and of motor behavior gates the incoming information already at the level of the visual cortex. The brain's ability to modulate activity in early visual areas in a top-down fashion is well established from attentional processes with shifting attention to one hemifield (Heinze et al. 1994) or even one certain location in retinotopic space (Brefczynski and DeYoe 1999; Somers et al. 1999; Tootell et al. 1998) . Feedback projections from extrastriate area MT/V5 to striate cortex are critical for awareness of visual motion (Pascual-Leone and Walsh 2001) . This modulation seems to be due to fast back-progations from higher-order areas (Hupe et al. 2001; Martinez et al. 1999) . Recently, it was shown that activity changes in visual cortex can also occur during crossmodal (i.e., tactile) cueing (Ma- Center of gravity of the cluster (in Talairach-based coordinates), mean percent signal change, and number of voxels activated significantly (P (corrected) Ͻ 0,01) of the main effect inverted vs. normal image, indicated for each hand separately. For the location of each cluster, both the anatomical and the functional area designation is given. In the conjunction analysis (both hands taken together), these activations occurred only at a lower level of P Ͻ 0.05 (uncorrected) and were in (*) restricted to the left side only. caluso et al. 2000) , indicating that activity in visual areas can be modulated by other mechanisms than visual attention.
In our study, lateralization of activity was accomplished by presenting an inverted image of a body part. As indicated by earlier work of Parsons and co-workers, information about the visual configuration of one hand is accessible by the contralateral hemisphere only (Parsons et al. 1995 (Parsons et al. , 1998 . However, there is no lateralized activation when subjects viewed a right or left hand of a person other than one's self (Buccino et al. 2001) . We therefore suggest that it is the mismatch between the expectation corresponding to action and the actual visual perception that enhanced attention and thus the activity in the contralateral hemisphere.
The intriguing aspect of this study is that this results in an interhemispheric dissociation, namely between the motor cortex controlling the contralateral hand and the visual cortex processing the inverted image of the hand. The lack of simultaneous activation in parietal and premotor cortical areas during image inversion shows that these sensorimotor processing nodes did not elicit extra activity to control the required action in spite of the inverted feedback image.
In conclusion, our data show that when visual information is crucial for the execution of an action, motor behavior can tune visual cortex in the same fashion as attention does. This is not totally surprising as action represents a powerful way to funnel goal-directed acts into the given contextual circumstances. What is new from our study is that this is accomplished by tuning information processing already at an early stage of visual processing. This further supports the notion that action control heavily relies on perceptual cues (Mechsner et al. 2001) . This finding might help to understand neurological rehabilitation procedures based on alterations of the visual feedback (Altschuler et al. 1999) .
We thank E. Rädisch and O. Hosseiny for technical assistance. The authors are grateful to Prof. Moedder, Institute of Diagnostic Radiology, FIG. 1. Experimental set-up and resulting cerebral activation. Top: the position of the subject's hand is indicated (left: left hand; right: right hand). Middle: picture demonstrates the image of the hand as it is visible to the subjects via the video chain in the conditions with inverted visual feedback. Bottom: the corresponding activation pattern of the main effect "inversion" is displayed in a coronar slice at y ϭ Ϫ76/Ϫ78, showing activation that is restricted to the hemisphere contralateral to the seen hand only. FIG. 2. Differences of the main effect inversion across the conditions movement and static. For the clusters obtained in the main effect inversion (inverted vs. normal image), the differences of the beta values between the conditions movement and static are indicated. V1/V2 was more active in the static condition, whereas V5 showed stronger activation in the movement condition. For V3, V4, and V6, the activation in both conditions was comparable. 
